During vertebrate embryogenesis, the neuroectoderm is induced from dorsal ectoderm and then partitioned into anterior and posterior neuroectodermal domains by posteriorizing signals, such as Wnt and fibroblast growth factor. However, little is known about epigenetic regulation of posteriorizing gene expression. Here, we report a requirement of the chromatin remodeling protein Bptf for neuroectodermal posteriorization in zebrafish embryos. Knockdown of bptf leads to an expansion of the anterior neuroectoderm at the expense of the posterior ectoderm. Bptf functionally and physically interacts with p-Smad2, which is activated by non-Nodal TGF-␤ signaling, to promote the expression of wnt8a, a critical gene for neural posteriorization. Bptf and Smad2 directly bind to and activate the wnt8a promoter through recruiting NURF remodeling complex. When bptf function or TGF-␤ signal transduction is inhibited, the nucleosome density on the wnt8a promoter is increased. We propose that Bptf and TGF-␤/Smad2 mediate nucleosome remodeling to regulate wnt8a expression and hence neural posteriorization.
Introduction
In vertebrates, the early development of the CNS during gastrulation is accomplished via a two-step mechanism. As the first step, the neuroectoderm with anterior character is induced from the dorsal ectoderm by antagonists of bone morphogenetic proteins, such as Chordin, Noggin, and Follistatin, which act to prevent the ventrally derived bone morphogenetic proteins to use the default neural fate (Lamb et al., 1993; Hemmati-Brivanlou et al., 1994; Sasai et al., 1995; Hammerschmidt et al., 1996; SchulteMerker et al., 1997; Dal-Pra et al., 2006) . As the second step, graded posteriorizing signals, including Wnt, fibroblast growth factor, and retinoic acid signals, transform the newly induced neuroectoderm into the posterior neuroectoderm, which ultimately gives rise to the posterior midbrain, the hindbrain, and the spinal cord (Cox and Hemmati-Brivanlou, 1995; Sasai and De Robertis, 1997; Niehrs, 1999; Sirotkin et al., 2000; Lekven et al., 2001; Erter et al., 2001; Rentzsch et al., 2004; Maden, 2006; Stern, 2006) . TGF-␤/nodal/activin-related factors have pivotal roles in mesendoderm induction and dorsal axis determination (Zhou et al., 1993; Feldman et al., 1998) , but their function in neural posteriorization is not well established. Overexpression of Antivin in zebrafish embryos, the potent antagonist of Activin ligands, results in obvious loss of posterior neural fates, but this effect may be indirect because mesendoderm induction is also abolished (Thisse et al., 2000) . Although Smad2/3 activity is required for anterior-posterior (AP) patterning of the neuroectoderm in zebrafish, cell tracing experiments showed that the neuroectoderm of Nodal-deficient embryos undergoes an apparent anterior-toposterior transformation (Erter et al., 2001; Jia et al., 2009) .
Bptf is the largest subunit of the nucleosome remodeling factor (NURF) complex, which was first purified from Drosophila embryo extracts and recognized to catalyze nucleosome sliding in an ATP-dependent manner to assist transcriptional activation (Tsukiyama and Wu, 1995; Mizuguchi et al., 1997) . The developmental roles of Bptf in vertebrates remain largely ambiguous. The anterior visceral endoderm and the primitive streak do not form correctly in Bptf mouse mutants, suggesting a possible role of Bptf in anterior-posterior patterning Goller et al., 2008) .
In this study, we find that bptf is a maternally and zygotically expressed gene during early stages of zebrafish embryonic development. Loss-of-function analyses indicate that bptf and smarca1are
Materials and Methods
Zebrafish strains. Tuebingen strain of zebrafish was used to obtain wildtype embryos. Embryos were maintained in Holtfreter's solution at 28.5°C and staged by morphology as previously described (Kimmel et al., 1995) . MZoep mutant embryos were generated by crossing homozygotic male and female oep tz257/tz257 adult mutants, which were rescued by injection of oep mRNA (Gritsman et al., 1999) . Homozygous p53(M214K ) mutant fish line (abbreviated as p53 Ϫ/Ϫ ) carrying a loss-of-function p53 point mutation was kindly provided by Prof. Jinrong Peng at College of Life Sciences, Zhejiang University.
Embryonic treatment. To inhibit TGF-␤ signal transduction, embryos at 16 cell stage were treated with 50 M SB431542 under dark conditions and harvested at 75% epiboly stage for Western blot or in situ hybridization.
RNA synthesis, morpholinos, and whole-mount in situ hybridization. The mRNAs encoding wnt8a, constitutively active smad2 (casmad2), dominant-negative smad2 (dnasmad2), dominant-negative TGF-␤ Receptor II (⌬kT␤RII ), smarca1, and dominant-negative smarca1 (smarca1K174R) were synthesized in vitro using the mMessage mMachine kit (Ambion). Digoxigenin-UTP-labeled antisense RNA probes were in vitro transcribed using MEGAscript Kit (Ambion) according to the manufacturer's instructions. siRNAs targeting all the isoforms from zebrafish bptf gene (gene ID: 324479, NCBI) were designed by and purchased from GenePharma. The sequences of siRNAs were as follows: negative control, sense 5Ј-ACGUGACACGUUCGGAGAATT-3Ј, antisense 5Ј-UUCUUCGAACGUGUCACGUTT-3Ј; siRNA1, sense 5Ј-UUC GGUUUCAAGCUUCGGCTT-3Ј, antisense 5Ј-GCCGAAGCUUGAAA CCGAATT-3Ј; siRNA2, sense 5Ј-AACACUGGAACUGAGCACCTT-3Ј, antisense 5Ј-GGUGCUCAGUUCCAGUGUUTT-3Ј.
Antisense morpholinos were designed by and purchased from Gene Tools and have the following sequences: bptf translation-blocking morpholino (bptf MO1, positioning around the translation start site [TSS] of bptf ), 5Ј-GCGGCCTGCCTCGTCTCCCCCTCAT-3Ј; bptf splicingblocking morpholino (bptf MO2, targeting the splicing region between exon1 and intron1), 5Ј-TCCGACGAAGCGTCCGTACCTGTGT-3Ј; reverse control morpholino of bptf MO1 (cMO), 5Ј-TGTGTCCATGCCT GCGAAGCAGCCT-3Ј. For testing the effectiveness of bptf MO1, the expression vector bptf-GFP was generated by fusing the 23 bp upstream flanking region and the first 27 bp of the bptf open reading frame into a pEGFP-N1 vector. Microinjection and whole-mount in situ hybridization was performed as previously described .
Western blot and coimmunoprecipitation. For Western blot, we used affinity-purified anti-Smad2/3 (3102, Cell Signaling Technology), antip-Smad2 (9510S, Cell Signaling Technology), and anti-␤-actin (sc-1615, Santa Cruz Biotechnology) antibodies. For coimmunoprecipitation assays to study protein-protein interaction, embryos or HEK293T cells were harvested and lysed with TNE lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 0.5% Nonidet P-40) containing a protease inhibitor mixture. The lysates were incubated with protein A Sepharose beads and either anti-Smad2/3 or anti-Myc (562-5, MBL) antibody at 4°C for 4 h. The beads were washed four times with TNE buffer. The bound proteins were separated by SDS-PAGE and visualized by Western blot.
Antibody generation. The rabbit polyclonal anti-Bptf antibody was generated by our laboratory. An epitope corresponding to residues RGRRGRPPKAQLVQEC of zebrafish Bptf was chosen for immunization. This polyclonal antibody was affinity purified and validated for specificity by peptide competition assays. The purified antibody (concentration, 200 g/ml) was used at a dilution of 1:2000 for Western blot and 1:100 for protein coimmunoprecipitation and chromatin immunoprecipitation (ChIP) assays in this study.
Dual-luciferase reporter assays. For detection and quantification of Smad2 activity in zebrafish embryos, the Smad2-specific ARE luciferase reporter construct DNA was mixed with Renilla luciferase reporter DNA in a ratio of 10:1. Wild-type and MZoep mutant embryos were injected with 100 pg of the DNA mixture at the one-cell stage. To inhibit TGF-␤ signal transduction, the injected MZoep mutant embryos were incubated with 50 M SB431542 (S4317, Sigma) from 16-cell stage under dark conditions. For analysis of promoter activity, serial truncations of the wnt8a promoter reporter were generated and injected into embryos together with indicated MOs and RNAs. A group of 20 embryos for each sample were harvested at 75% epiboly stage and lysed with passive lysis buffer (Promega) for detecting luciferase activities.
For the luciferase reporter assays performed in cell culture, HEK293 cells were transfected with the indicated constructs together with Renilla luciferase reporter DNA (20 ng) as the internal control. Cells were stimulated with TGF-␤1 (1 ng/ml) or Activin A (10 ng/ml) for 16 h before harvest for luciferase assay.
Each experiment was performed in triplicate, and the data represent the mean Ϯ SD of three independent experiments after normalized to Renilla luciferase activity.
ChIP. Embryos were injected with indicated MOs or RNAs at one-cell stage and ϳ400 embryos were harvested at 75% epiboly stage for each assay. Then these embryos were crosslinked with 1.85% for 15 min at room temperature and lysed. DNA/protein complex-containing lysate was sonicated to an apparent length of 300 -1000 bp and then centrifuged at 14,000 rpm for 10 min. The indicated antibody (anti-Smad2/3 or anti-BPTF) was incubated with the diluted chromatin supernatant and BSA-blocked protein A beads overnight at 4°C. The immunocomplex was washed sequentially with salt buffers and then eluted in elution buffer. The immunoprecipitated complexes and input fraction were reversecrosslinked by overnight incubation at 65°C. DNA was extracted with phenol:chloroform and precipitated with ethanol after treatment with RNaseA and proteinase K. Input and immunoprecipitated DNA were subjected to PCR cycles with the following specific primers: wnt8a up forward primer, 5Ј-CTACACATTTCATACACATCGTTGA-3Ј (Ϫ1072 bp to Ϫ1048 bp, upstream region of wnt8a TSS); wnt8a up reverse primer, 5Ј-TGGGAAAAGCTCTGGTGTGAAAC-3Ј (Ϫ914 bp to Ϫ892 bp, upstream region of wnt8a TSS); wnt8a down forward primer, 5Ј-CAAGCACGGAAGTTGGAGATGGATA-3Ј (643 bp to 667 bp, downstream region of wnt8a TSS); wnt8a down reverse primer, 5Ј-TTCCCGCTTTGTAGACATTCCCT-3Ј (820 -842 bp, downstream region of wnt8a TSS).
MNase mapping assay. Wild-type and bptf MOs or ⌬kT␤RII mRNA injected embryos were harvested at 75% epiboly stage, and mononucleosomes were prepared using Nucleosome Preparation Kit (5333, TaKaRa) according to the manufacturer's instructions. Then the resulting mononucleosome-sized DNA samples were analyzed by qRT-PCR with overlapping primer pairs covering the wnt8a promoter region from Ϫ1449 to Ϫ416 upstream of wnt8a TSS. Each set of primer pairs spanned across ϳ100 bp region and were located 30 Ϯ 10 bp away from neighboring primer pairs as previously described (Li et al., 2010) .
Results
bptf is ubiquitously expressed during early embryo development We found in a previous study that the DNA-binding motif recognized by the chromatin remodeling protein Bptf coexists at a high frequency with Smad2/4-binding sites in the zebrafish genome . Zebrafish bptf encodes a large protein of Ͼ2800 amino acid residues, which shares a high sequence similarity to its human and mouse orthologs (56.6% and 55.8%, respectively). The syntenic analysis of zebrafish bptf showed that its neighbor genes are also closely linked in other species, indicating that it is the authentic ortholog of mammalian Bptf (data not shown). In addition, like other vertebrate orthologs, zebrafish Bptf also has several conserved domains: an N-terminal DDT domain; two plant homeodomain finger domains, one of which mediates a direct association with H3K4me3; a glutamine-rich transcriptional activation domain; and a carboxy-terminal bromodomain that acts as an acetyl-lysine binding domain and preferentially recognizes H4K16ac (Escher et al., 2000; Zeng and Zhou, 2002; Wysocka et al., 2006; Ruthenburg et al., 2011) .
We next examined the spatiotemporal expression of bptf in zebrafish embryos from one-cell stage to 30 h post-fertilization (hpf) by whole-mount in situ hybridization. As shown in Figure  1A , AЈ, bptf mRNA was ubiquitously distributed before midsegmentation stages and then retained at high levels only in the head region from 24 hpf onward. We also generated zebrafish Bptf antibody to detect its protein expression at different stages. Western blotting revealed the existence of Bptf protein from blastula to mid-segmentation stages (Fig. 1B) . These data indicates that bptf is both maternally and zygotically expressed during early embryo development.
Then we adopted knockdown approach using two antisense morpholinos: the translation blocker bptf-MO1 and the splicing blocker bptf-MO2. We found that injection of 4 ng MO1 efficiently blocked the production of the Bptf-GFP fusion protein in embryos, whereas the reverse control MO (cMO) had no effect (Fig. 1C) . Furthermore, the expression of endogenous bptf The specific splicing-interfering MO (bptf MO2, targeting the splicing region between exon1 and intron1) interfered bptf mRNA product is only detected in morphants, whereas endogenous mRNA level was significantly deceased. ␤-actin is used as a control. E, Embryos were injected with 4 ng bptf MO1, 4 ng bptf MO2, or their mix (bptf MOs, each 4 ng) and harvested for Western blotting at 75% epiboly stage. UIC, Uninjected control. Band densities were analyzed using Quantity One software. The numbers on top of each lane indicate the relative band densities and the mean Ϯ SD of Bptf after normalization to ␤-actin from 4 independent experiments. F, Morphological effects of bptf MO-injected wild-type or p53 mutant embryos at 24 hpf. Note the enlarged forebrain in bptf morphants (arrowhead). The ratio of embryos with the representative phenotypes was indicated. Scale bar, 200 m.
mRNA was eliminated by injection of 4 ng MO2, and the interfered mRNA product was only detected in morphants (Fig. 1D) . We also examined whether the expression of endogenous Bptf protein was inhibited in morphants. Based on sequence information, the predicted molecular mass of zebrafish Bptf is ϳ320 kDa. The Bptf antibody detected a dominant band slightly lower than expected size (ϳ250 kDa) in wild-type zebrafish embryo lysate. Various other bands were also detected from 80 to 130 kDa (Fig.  1E) . Interestingly, all of the immunoactive bands were clearly weakened in embryo lysates from bptf morphants, suggesting the high specificity of this antibody (Fig. 1E ). These faint secondary bands may represent Bptf degradation products as Bptf protein is sensitive to proteolysis Wysocka et al., 2006) . More importantly, coinjection of MO1 (4 ng) and MO2 (4 ng) reduced Bptf production more efficiently (Fig. 1E) . Then, coinjection of both MOs was used to knock down bptf in the subsequent experiments.
To determine the phenotypic consequences of loss of bptf function, we first examined the morphology of bptf morphants at 24 hpf. Injection bptf MOs to wild-type embryos resulted in obvious cell death in the head, a reduction in the size of the trunk and an enlargement of the forebrain (Fig. 1F ) . p53 mutant embryos injected with bptf MOs showed a more enlarged forebrain due to decreased cell apoptosis, excluding the possibility that the observed defects were caused by nonspecific p53 activation by morpholinos (Fig. 1F ) . These results indicate that bptf is involved in head patterning.
bptf is required for zebrafish neural posteriorization
To characterize the function of bptf during neural patterning along the AP axis, we examined the anterior neural markers otx2 and sox2, and the posterior neural marker hoxb1b respectively, at mid-gastrulation stages. As expected, bptf morphants showed a broader anterior neuroectoderm (Fig. 2 A, B) and a much nar- rower and smaller posterior neuroectoderm (Fig. 2C) . The increased expression of otx2 and sox2 in bptf morphants was further confirmed by RT-PCR (Fig. 2D ). The expression pattern of sox3, which is expressed in both anterior and posterior neuroectoderm, was also examined in embryos at mid-gastrulation stages. The expression of sox3 in the anterior neuroectoderm was obviously expanded posteriorly, but its expression in the posterior neuroectoderm was shrunk in bptf morphants compared with control embryos (Fig. 2E) . siRNA-based gene silencing has been proved to be an alternative technique for knockdown of specific gene expression in zebrafish (Dodd et al., 2004; . To exclude the off-target effects of MO injection, we designed and injected two different siRNAs (siRNA1 and siRNA2) for targeting zebrafish bptf. As shown in Figure 2F , injection of siRNA2, although not siRNA1, dramatically decreased endogenous bptf expression. Embryos injected with siRNA2 exhibited obvious neural patterning defects similar to bptf morphants (Fig. 2G,H) . In addition, injection bptf MOs into p53 mutant embryos also led to profound reduction of posterior neuroectoderm (Fig. 2I) . Together, these results conclusively indicate that the neural patterning defects in bptf morphants are specific effects of bptf knockdown.
Analysis of more differentiated anterior and posterior neural tissues with probes for six3 (forebrain marker) and shha (spinal cord marker) transcripts revealed the enlarged forebrain and severe loss of spinal cord in bptf morphants (Fig. 2 J, K ) . As we were unable to synthesize bptf mRNA in vitro due to its large size (nearly 9000 nt), 50 pg plasmid construct expressing human Bptf (hBptf) in which the MO target sequences do not exist was coinjected with MOs into embryos at one-cell stage in rescue experiments (Loosli et al., 2003) . As shown in Figure 2L , M, the expansion of anterior neuroectoderm was repressed and the decrease of posterior neuroectoderm was obviously restored by overexpression hBptf in bptf morphants. Interestingly, because of the inhomogeneous distribution of injected plasmid DNA, spotted expression of hoxb1 was observed in hBptf injected embryos (Fig. 2M ) . These results suggest that bptf is required for anteriorto-posterior transformation of the nascent neuroectoderm.
Bptf and Smad2 coregulate neural patterning in a Nodalindependent manner
In the zebrafish embryo, Smad2/3 activities are demonstrated to posteriorize the neuroectoderm (Jia et al., 2009 ). We therefore asked whether Bptf physically and functionally interacts with Smad2 during the zebrafish neural patterning. The coimmunoprecipitation assays confirmed an association of endogenous Bptf and Smad2 in zebrafish embryos at mid-gastrulation stages (Fig.  3A) . Importantly, coexpressed Bptf has much higher affinity for the phospho-mimetic Smad2(S466/468D) mutant compared with the wild-type Smad2 and phospho-resistant Smad2(S466/ 468A) mutant (Fig. 3B) . Furthermore, bptf MOs-induced reduction of the hoxb1b domain could be rescued by coinjection of constitutively active smad2 (casmad2) mRNA (Fig. 3C) . These results support an idea that Bptf cooperates with Smad2 to regulate neural patterning.
Smad2 is the intracellular mediator of TGF-␤ and Nodal signaling (Massagué et al., 2005; Wu and Hill, 2009) and is activated by Nodal signaling in early vertebrate embryos to induce mesendoderm and to promote body axis patterning (Nomura and Li, 1998; Tian and Meng, 2006; Jia et al., 2008) . To determine whether Bptf and Smad2 coregulate neural patterning under the control of Nodal signaling, we first analyzed the formation of the anterior and the posterior neuroectoderm in Nodal-deficient MZoep mutants. We observed that the expression domains of both anterior (otx2 and sox2) and posterior (hoxb1b) neuroectoderm markers were decreased, but relatively well patterned alone the AP axis in mutant embryos compared with the wild-type embryos (Fig. 3 D, E) . We next addressed the functions of Bptf in MZoep embryos. When injected with bptf MOs, MZoep mutant embryos exhibited a marked expansion and a caudal shift of otx2 and sox2 expression in the anterior neuroectoderm with a much smaller domain of hoxb1b in the posterior neuroectoderm (Fig.  3 D, E) . Interestingly, a persistent expression of sox2 was detected in the ventrolateral hoxb1b-positive cells in bptf MO-injected MZoep mutants (Fig. 3 D, F ) . It is possible that the residual posterior neuroectodermal cells may not have been fully transformed from the anterior neural fate or these cells may be in a transitional state with bipotency for differentiation at the examined stage.
Next, we wanted to determine whether Smad2 still coregulates neural patterning with Bptf in MZoep mutants. The posterior neuroectoderm was obviously reduced by overexpression of dominant-negative smad2 (dnsmad2) in MZoep mutants (Fig.  3H ) , suggesting that Smad2 still plays a role in neuroectoderm posteriorization. Coinjection of casmad2 mRNA repressed the expansion of the anterior neuroectoderm (Fig. 3G ) and restored the posterior neuroectoderm (Fig. 3H ) in bptf MO-injected MZoep mutants. These results imply that Bptf associates with Smad2 to promote posteriorization of the neuroectoderm in a Nodal-independent manner.
Non-Nodal TGF-␤ signaling plays a critical role in neural posteriorization
SB431542 is a specific inhibitor of TGF-␤ superfamily Type I activin receptor-like kinase (ALK) receptors, including ALK4, ALK5, and ALK7 (Inman et al., 2002) . Embryos treated with 50 M SB431542 from 16-cell stage to 24 hpf were missing most of mesendodermal tissues and had fused eyes, a phenotype resembling MZoep mutants (Fig. 4A) (Gritsman et al., 1999) . We then examined phosphorylated-Smad2 (p-Smad2) by Western blotting to determine whether Smad2 is activated in MZoep mutants. Result indicated that p-Smad2 was indeed detected in MZoep mutants though much lower than in wild-type control (Fig. 4B) . Importantly, the residual p-Smad2 in MZoep mutants could be largely reduced by treatment with SB431542 (Fig. 4B) . The activation of Smad2 in MZoep embryos was also confirmed by Smad2-specific ARE luciferase reporter assays (Fig. 4C) . These results suggest that Smad2 is activated by non-Nodal TGF-␤ signaling, which is consistent with the previous findings Hagos et al., 2007) .
Zebrafish tgf␤1a, tgf␤1b, tgf␤2, and tgf␤3 have been characterized (Kohli et al., 2003; Cheah et al., 2005; Cannon et al., 2013) . tgf␤2 and tgf␤3, but not tgf␤1, have been previously shown to be expressed during gastrulation (Cheah et al., 2005 ; Meng A, Tsinghua University, unpublished data), which raises the possibility that TGF-␤ signal may have potent physiological roles in early embryonic development. Because a kinase domain truncated TGF-␤ Type II receptor (⌬kT␤RII) selectively blocks TGF-␤ signaling as a dominant-negative mutant (Herskowitz, 1987; Brand et al., 1993) , we constructed zebrafish ⌬kT␤RII mutant plasmid by deleting the cytoplasmic serine/threonine kinase domain. Luciferase reporter assay in HEK293 cells revealed that overexpression of ⌬kT␤RII significantly attenuated the TGF-␤-induced expression of the ARE luciferase reporter (Fig.  4D ), but had no obvious effects on Activin-induced luciferase activities (Fig. 4E) , showing its functional specificity for inhibiting TGF-␤ signaling. SB431542-treated or ⌬kT␤RII mRNA-injected MZoep mutants showed greatly enlarged anterior neuroectoderm and abrogated posterior neuroectoderm (Fig.  4F-H ) . Consistently, similar results were observed in wild-type embryos injected with ⌬kT␤RII mRNA (data not shown). Therefore, we propose that it may be canonical TGF-␤/Smad signaling that has an important function in transforming anterior neuroectoderm into posterior neuroectoderm.
The lateral margin mesodermal expression of wnt8a is regulated by bptf and TGF-␤/Smad2
In zebrafish, the lateral/paraxial mesodermal precursors provide crucial neural transformers, such as Wnt and fibroblast growth factor ligands, to posteriorize the nascent anterior neuroectoderm during gastrulation (Woo and Fraser, 1997; Erter et al., 2001; Lekven et al., 2001; Koshida et al., 2002) . To test whether the expression of these neural transformers is regulated by bptf and TGF-␤/Smad2, we analyzed the expression patterns of fgf3, fgf8a, wnt3a, and wnt8a, which are prominently expressed during gastrulation (Buckles et al., 2004; Shimizu et al., 2005) , in wildtype, MZoep mutant and bptf MO-injected embryos. The potential downstream target genes of bptf and TGF-␤/Smad2 during neural patterning process should meet the following conditions: expressed in lateral margin mesoderm at mid-gastrulation stages and coregulated by bptf and TGF-␤/Smad2 signaling, although not by Nodal signaling. We observed that fgf3 transcript was not expressed in the blastoderm margin at 75% epiboly stage in wildtype embryos and MZoep mutants (Fig. 5A) . The expression of fgf8a and wnt3a was observed in the blastoderm margin at midgastrula stage, but their expression levels were not obviously downregulated in bptf morphants (Fig. 5 B, C) . In wild-type and MZoep mutant embryos, wnt8a showed a similar expression pattern in ventrolateral mesodermal precursors during gastrulation (Fig. 5E ). Unlike fgf8a and wnt3a, however, wnt8a expression was abolished in bptf MO-injected wild-type and MZoep embryos (Fig. 5 D, E) , suggesting that its expression is regulated by bptf but not Nodal signaling. Ectopic expression of ⌬kT␤RII effectively inhibited wnt8a expression in MZoep mutants (Fig. 5F ), and overexpression of casmad2 well restored wnt8a expression in bptf MO-injected MZoep mutants (Fig. 5G) , which further supported an important role of TGF-␤/Smad2 signaling for wnt8a expression. Hence, wnt8a is a target gene of bptf and TGF-␤/Smad2. wnt8a acts at downstream of bptf and TGF-␤/Smad2 to induce the posterior neural fates To detect whether Wnt signaling is affected by bptf knockdown during neural posteriorization, we analyzed gfp reporter mRNA expression in TOPdGFP transgenic embryos, which mirrors endogenous Wnt/␤-catenin activity (Dorsky et al., 2002) . Knockdown of bptf caused a drastic decrease of dGFP expression in ventrolateral mesoderm from early to mid-gastrula stages (Fig.  6A) , demonstrating a requirement of bptf for efficiently activating Wnt/␤-catenin signaling. We then asked whether the loss of wnt8a expression accounted for bptf knockdown-or TGF-␤ signal inhibition-induced AP patterning defects of the neuroectoderm. Coinjection of wnt8a mRNA largely normalized otx2 and hoxb1b expression in bptf MO-injected wild-type embryos (Fig.  6B) . Moreover, overexpression of wnt8a rescued the neural patterning defects caused by coinjection of bptf MOs and ⌬kT␤RII mRNA into wild-type embryos (Fig. 6C) . Similar results were observed in further experiments using MZoep mutants (Fig. 6D) . These data substantiate that function of bptf and TGF-␤/Smad2 in posteriorizing the neuroectoderm is exerted by the downstream target wnt8a. Band densities were analyzed using Quantity One software. The numbers on top of each lane indicate the relative band densities and the mean Ϯ SD of p-Smad2 after normalization to ␤-actin from 3 independent experiments. C, Reduction of ARE-luciferase reporter expression in MZoep mutant embryos treated with SB431542. WT or MZoep embryos were injected with the reporter plasmids at one-cell stage, treated with DMSO or SB431542 at 16-cell stage, and harvested at 75% epiboly stage for luciferase activity analysis. **p Ͻ 0.01 (Student's t test). ***p Ͻ 0.001 (Student's t test). D, E, ⌬kT␤RII overexpression specifically attenuates TGF-␤-induced expression of ARE-luciferase. HEK293 cells were cotransfected with ARE-luciferase and FoxH1 constructs along with increasing amounts of ⌬kT␤RII construct, and treated with TGF-␤1 (1 ng/ml) (D) or Activin A (10 ng/ml) (E) for 16 h before harvest for luciferase assay. *p Ͻ 0.05 (Student's t test), **p Ͻ 0.01 (Student's t test), ***p Ͻ 0.001 (Student's t test); NS, nonsignificant. F-H, Change of expression pattern of otx2 and hoxb1b at the 75% epiboly stage in MZoep embryos treated with 50 M SB431542 or injected with 400 pg ⌬kT␤RII mNRA. Single embryos were shown in dorsal view for otx2 expression (F, G) and a group of embryos were shown in dorsal view mostly with posterior to the middle for hoxb1b expression (H ).
Bptf and Smad2 bind to and activate the wnt8a promoter
scriptional regulation of wnt8a by Bptf and Smad2, the putative 1101-bp wnt8a promoter (1101-P-wnt8a), which possesses a margin-specific enhancer activity sufficient to drive wnt8a expression in ventrolateral mesoderm during neural AP patterning (Narayanan and Lekven, 2012), was cloned into pGL3-Basic luciferase reporter plasmid to make the construct 1101-P-luc (Fig.  7A) . The transcriptional activity of 1101-P-luc was reduced by nearly 10-fold in bptf morphants, which suggests that the 1101 bp wnt8a promoter responds well to Bptf activity (Fig. 7B) . Next, serial promoter truncations were generated and injected into embryos together with cMO or bptf MOs (Fig. 7A) . Results showed that the transcriptional activity of the truncated promoters lacking the distal region of 177 bp was much lower and lost the response to bptf knockdown (Fig. 7B) . As Bptf can regulate transcription through direct binding to DNA (Jordan-Sciutto et al., 1999; Jones et al., 2000) , we searched consensus Bptf binding motifs (5Ј-NNMACAACAMN-3Ј) in that 177 bp region using Genomatix MatInspector (Genomatix database; http://www. genomatix.de), and found a candidate site (5Ј-ACAAAAACACT-3Ј, positioning from Ϫ961 to Ϫ951). The AACAϾGGAG mutation within this putative Bptf-binding site of 1101-P-luc construct, generating the mutant construct 1101-mb-P-luc (Fig.  7A ), led to a remarkable reduction of reporter expression in wildtype embryos, which was not deteriorated by coinjection of bptf MOs (Fig. 7C) . These results indicate that the identified Bptf binding site is critical for wnt8a transcription.
Similar analysis was performed to search Smad2 binding sites in the wnt8a promoter. Luciferase reporter assays in embryos revealed that the region of Ϫ924 to Ϫ657 was required for response to stimulation by casmad2 overexpression (Fig. 7D) . Subsequent sequence analysis and reporter assays identified the Smad2/4 binding site (5Ј-CAGAC-3Ј) from Ϫ921 to Ϫ917 as an essential regulatory element (Fig. 7E) .
To verify the in vivo binding of Bptf and Smad2 to the wnt8a promoter, we performed ChIP assays in zebrafish embryos using Bptf and Smad2 antibodies respectively. As shown in Figure 7F , endogenous Bptf and Smad2 were bound to the Ϫ1072 to Ϫ892 region of the wnt8a promoter, but not to a control region (643 to 842), indicating that wnt8a is a direct target of Bptf and TGF-␤/ Smad2 in zebrafish embryos. We further tested whether activated Smad2 and Bptf were mutually required for associating with the wnt8a promoter. As shown in Figure 7G , inhibition of TGF-␤ signaling by SB435412 treatment or ⌬kT␤RII mRNA overexpression did not affect binding of Bptf to the wnt8a promoter. bptf knockdown obviously decreased the binding of Bptf to wnt8a promoter (Fig. 7H ) but did not disrupt binding of Smad2 (Fig.  7I ) . These results suggest that Bptf and Smad2 independently bind to their own binding sites in the wnt8a promoter but can function synergistically to regulate wnt8a transcription.
Chromatin remodeling complex NURF is necessary for Bptf and Smad2 regulation of wnt8a expression and neural posteriorization NURF is an ATP-dependent chromatin remodeling complex that contains a NURF301 homolog (BPTF in humans), an ATPase subunit of the ISWI family (Smarca1/SNF2L in mammals), and additional subunits. To understand the relationship between Bptf and NURF complex during neural posteriorization, we tried to interfere with the endogenous chromatin remodeling activity of NURF complex in zebrafish embryos by overexpressing smarca1K174R, a dominant-negative zebrafish SNF2L homolog, which contains a point mutation in the nucleotide-binding P-loop motif resulting in loss of the ATPase activity (Corona et al., 1999; Barak et al., 2003) . Similar to bptf morphants, embryos injected with smarca1K174R mRNA exhibited a marked reduction of wnt8a expression (Fig. 8A ) and inefficient posteriorization of the neuroectoderm (Fig. 8B-D) . These observations revealed that the catalytic subunit of NURF complex is indispensable for wnt8a expression and neuroectodermal posteriorization. NURF is known to be directly recruited by site-specific transcription factors . We hypothesized that the interaction of Bptf with Smad2 can enhance the recruitment of other NURF components, including Smarca1. To verify this hypothesis, coimmunoprecipitation assays were performed to assess the impact of Smad2 on the recruitment of Smarca1 to Bptf in HEK293 cells. There was a basal level interaction between Bptf and Smarca1, which was considerably enhanced in the presence of Smad2 (Fig. 8E) . We then analyzed the functional importance of interactions among Bptf, Smad2, and Smarca1 in zebrafish embryos. Coinjection of wild-type smarca1 mRNA restored both wnt8a and hoxb1b expression in bptf morphants (Fig. 8F) . Meanwhile, overexpression of smarca1K174R partially prevented the Smad2-mediated recovery of wnt8a and Figure 6 . Bptf and TGF-␤/Smad2 posteriorize the neuroectoderm via wnt8a. A, Wnt/␤-catenin signaling is reduced in bptf morphants. gfp expression was examined at shield and 75% epiboly stages by in situ hybridization in TOPdGFP transgenic fish embryos injected with cMO or bptf MOs. Top, Animal-pole views with dorsal to the right. Bottom, Lateral views with dorsal to the right. B, Expression of otx2 and hoxb1b at 75% epiboly stage in wild-type embryos injected with bptf MOs alone or together with 25 pg wnt8a mRNA. Injection of wnt8a mRNA could compromise the expansion of the anterior neuroectoderm and the loss of posterior neuroectoderm in bptf morphants. C, D, Neural patterning defects resulting from inactivation of both bptf and TGF-␤ signaling were rescued by coinjection of wnt8a mRNA. Wild-type embryos (C) or MZoep mutants (D) were injected with indicated MOs or RNAs at the one-cell stage and harvested at 75% epiboly stage for in situ hybridization using otx2 and hoxb1b probes. Injection doses were as follows: bptf MOs, 8 ng; ‚kT␤RII mRNA, 400 pg; wnt8a mRNA, 25 pg. hoxb1b expression in bptf morphants (Fig. 8F ) . Together, these results indicate that interaction of Bptf with Smad2 facilitates the recruitment of NURF complex to regulate wnt8a expression and neural posteriorization.
Inhibited bptf expression or TGF-␤ signaling increases nucleosome density in the wnt8a promoter
Our data thus far demonstrated the physical association and functional link between Bptf-containing NURF complex and Smad2 on wnt8a expression during neural posteriorization. To analyze nucleosome positioning pattern in the wnt8a promoter, we performed MNase mapping assay as previously described (Li et al., 2010 (Li et al., , 2013 . In this assay, chromatin isolated from pooled embryos was digested into mononucleosomes with MNase (Fig.  9A) , and resulted DNA fragments were extracted and amplified using 30 separate overlapping primer pairs, spanning ϳ1000 bp DNA stretch around the identified Bptf and Smad2 binding sites in the wnt8a promoter. We observed five nucleosome binding sites, named N1, N2, N3, N4, and N5, respectively, in the examined region in wild-type embryos. Interestingly, either of the Bptf Figure 7 . Bptf and Smad2 regulate wnt8a expression through distinct cis-elements. A, Schematic illustration of wnt8a promoter-driven luciferase reporters. B, C, The Bptf-binding element is essential for wnt8a transcription. Wild-type embryos were injected with indicated MOs and wnt8a promoter-driven reporter constructs at one-cell stage and then harvested and lysed at 75% epiboly stage for luciferase activity analysis. The Ϫ1101 to Ϫ924 promoter region is important for wnt8a transcription (B). 1101-mb-P-luc showed a much lower luciferase activity than the corresponding wild-type reporter (C). D, The Ϫ924 to Ϫ657 region of the wnt8a promoter is essential for responding to casmad2 overexpression. The indicated constructs and casmad2 mRNA were injected into embryos at one-cell stage, and the relative luciferase activity was measured at 75% epiboly stage. E, The Smad2/4-binding site is essential for responding to casmad2 overexpression. 1101-ms-P-luc or the related wild-type reporter 1101-P-luc was injected into embryos, and their responsiveness to overexpressed casmad2 was measured. Data represent the mean Ϯ SD for triplicate experiments. *p Ͻ 0.05 (Student's t test). **p Ͻ 0.01 (Student's t test). ***p Ͻ 0.001 (Student's t test). F, Bptf and Smad2 specifically bind to the wnt8a promoter. ChIP assays were performed with control IgG and antibodies against Bptf or Smad2/3 in wild-type embryos. The immunoprecipitated DNA was amplified by semiqPCR with the primers recognizing specific regions denoted in the top. wnt8a up, a region upstream of the wnt8a TSS, which contains Bptf and Smad2/4 binding motifs; wnt8a down, a region downstream of the wnt8a TSS. G, ChIP experiments were performed in wild-type, ⌬kT␤RII mRNA-injected, or SB431542-treated embryos using anti-Bptf antibody. The immunoprecipitated DNA was amplified by qPCR with primers to detect the region upstream of the wnt8a TSS. NS, Nonsignificant. H, I, Wild-type embryos were injected with cMO or bptf MOs at the one-cell stage and harvested at 75% epiboly stage for ChIP experiments with anti-Bptf (H ) or anti-Smad2/3 (I ) antibodies. The immunoprecipitated DNA was subjected to qPCR with primers indicated in G.
and Smad2 binding sites was not located in the nucleosome-free areas but instead fallen into the N3 site (Fig. 9B) . We speculate that nucleosome packaging may be relaxed only in lateral/paraxial mesodermal precursors within which wnt8a is expressed. Indeed, a slight but steady increase in DNA amount was detected at N2 and N3 sites in bptf morphants, indicating a nucleosome repositioning event occurred in the wnt8a promoter (Fig. 9B) . We further assayed histone occupancy on the wnt8a promoter through ChIP assays with antibody against histone H3 and found that the occupancy of histone H3 was enhanced in the region containing Bptf-and Smad2-binding sites in bptf morphants (Fig. 9BЈ) . Consistent with the pivotal role of TGF-␤/Smad2 in the recruitment of Bptf-containing NURF complex, interference with TGF-␤ signaling by overexpression of ⌬kT␤RII in embryos Figure 8 . Smarca1 is required for wnt8a expression and neural posteriorization. A, Interference in smarca1 inhibits wnt8a expression. Uninjected and smarca1K174R mRNA-injected (125 pg) embryos were probed at 75% epiboly stage for wnt8a expression by in situ hybridization. B-D, smarca1K174R overexpression disrupts neuroectodermal AP patterning. One-cell stage embryos were injected with 125 pg smarca1K174R mRNA and harvested at 75% epiboly stage for in situ hybridization to detect the anterior neural markers sox2 (B) and otx2 (C) and the posterior neural marker hoxb1b (D). E, Smad2 enhances the association of Bptf and Smarca1. HEK293T cells were transfected with combinations of plasmids expressing Myc-Bptf, HA-Smarca1, and Flag-Smad2 as indicated. After 48 h, cells were lysed for immunoprecipitation with anti-Myc antibody. F, Smarca1 functions on Bptf-and Smad2-mediated wnt8a expression and neural posteriorization. Embryos were injected with indicated MOs and mRNAs at the one-cell stage and harvested at 75% epiboly stage for in situ hybridization to detect alteration of wnt8a and hoxb1b expression. Embryos were orientated laterally with dorsal to the right. Injection doses are as follows: bptf MOs, 8 ng; smarca1 mRNA, 250 pg; smarca1K174R mRNA, 125 pg; casmad2 mRNA, 50 pg.
caused a solid increase of histone density at the N3 site (Fig.  9C,CЈ) . Interestingly, increased nucleosome occupancy was also observed at the N2 site in bptf morphants but not in ⌬kT␤RII mRNA-injected embryos (Fig. 9 B, CЈ) , indicating a subtle difference between Bptf and TGF-␤/Smad2 signaling in regulating wnt8a transcription. Together, these data suggest that both Bptf and TGF-␤/Smad2 are required for nucleosome remodeling at wnt8a promoter during neural patterning.
Discussion
The neuroectoderm patterning along the body axis is an important step of the CNS development. So far, little has been known about implications of epigenetic factors in this neural patterning process. In the present study, we find that zebrafish bptf has a crucial function in transforming the anterior neuroectoderm fate to the posterior neuroectoderm fate. The effect of bptf on posteriorization of the neuroectoderm is closely linked to the chromatin remodeling activity of NURF complex. This is supported by the finding that inhibition of endogenous chromatin remodeling activities of NURF complex by injection of dominant-negative smarca1 mRNA results in neural patterning defects similar to bptf knockdown. Consistently, coinjection of wild-type smarca1 mRNA well rescued the neural posteriorization defects caused by bptf knockdown. More importantly, loss of bptf function could enhance the nucleosome density in the wnt8a promoter and subsequently restrain transcription. Lan et al. (2007) previously reported that inactivation of the histone demethylase UTX and JMJD led to an imbalance of H3K27 methylation, mis-regulation of hox genes, and a striking posterior developmental defect, which provides an indirect evidence for involvement of H3K27 methylation in neural patterning.
Smad2 and Smad3 are intracellular effectors of TGF-␤, Activin, and Nodal signals (Massagué et al., 2005; Wu and Hill, 2009 ). One previous report shows that Bptf, the largest subunit of NURF complex, directly interacts with and activates target gene transcription of Smad2/3 (Landry et al., 2008) . Our previous work indicates that the consensus binding motif of Bptf exists most frequently in Smad2-bound promoter regions . In agreement with these previous findings, we reveal that zebrafish Bptf physically and functionally interacts with Smad2 during neural AP patterning. The contribution of Bptf to the Smad2-regulated neuroectodermal posteriorization is supported by the findings that the interaction of Bptf with Smad2 facilitates the recruitment of Smarca1/SNF2L, the ATPase subunit of NURF complex, and that overexpression of dominant-negative smarca1 inhibits the Smad2-mediated recovery of neural patterning defects in bptf morphants.
Zebrafish wnt8a is required during gastrulation to generate the AP pattern of the nascent neuroectoderm (Erter et al., 2001; Lekven et al., 2001 ). There is a margin-specific enhancer located to the Ϫ989 to Ϫ497 region upstream of the wnt8a TSS. The expression of wnt8a can be divided into two phases: Phase I, from 30% epiboly to 60% epiboly (4.7-6.5 hpf), depending on Nodal Figure 9 . Inactivation of bptf or TGF-␤ signaling induces nucleosome repositioning within the wnt8a promoter. A, MNase digestion of chromatin isolated from embryos at 75% epiboly stage. Digestion with 320 units per milliliters of MNase for 30 min was appropriate to produce mononucleosome-sized DNAs. B, C, The dynamic changes of nucleosomal positions at the wnt8a promoter in bptf morphants (B) or ⌬kT␤RII-overexpressing embryos (C). There were five positioned nucleosomes (N1, N2, N3, N4, and N5) within the Ϫ1449 to Ϫ416 region of the wnt8a promoter in cMO-injected embryos. Bptf (green) and Smad2 (red) binding motifs were located in the DNA sequences occupied by N3. A solid increase in DNA amount was detected at N3 positioning site in bptf morphants and ⌬kT␤RII-overexpressing embryos. NS, Nonsignificant. **p Ͻ 0.01 (Student's t test). ***p Ͻ 0.001 (Student's t test) . B, C, Injection of bptf MOs or ⌬kT␤RII mRNA results in an increase in histone density over the positioned N3 within the wnt8a promoter. Embryos were injected with 8 ng bptf MOs or 400 pg ⌬kT␤RII mRNA at one-cell stage and harvested at 75% epiboly stage. The resultant chromatin was extracted and subjected to ChIP assays with anti-H3 antibody followed by qPCR. NS, Nonsignificant. *p Ͻ 0.05 (Student's t test).
activation through the margin enhancer; and Phase II, from 70% epiboly until the end of gastrulation (7-10 hpf), requiring ntl activation of the margin enhancer independently of Nodal signaling (Narayanan and Lekven, 2012) . Transplantation experiments indicate that the presumptive hindbrain precursors acquire a regional identity between shield stage and mid-gastrulation stages (6 -8 hpf) (Woo and Fraser, 1998; Appel, 2000) . We find that wnt8a is normally expressed in MZoep mutant embryos at 75% epiboly stage, which support the idea that the wnt8a expression during neural patterning is not regulated by Nodal signal. The inhibition of wnt8a expression by specific interference with bptf activity or TGF-␤ signal transduction in wild-type and MZoep mutant embryos indicates that wnt8a is a downstream target gene of bptf and TGF-␤/Smad2. In contrast to wnt8a, the ventrolateral mesodermal expression of fgf8 and wnt3a remains almost unchanged in bptf morphants, suggesting the specificity of bptf in regulating wnt8a expression.
To our surprise, the expression of wnt8a is also significantly decreased in bptf morphants at shield stage. As the expression of wnt8a depending on Nodal activation at this stage (Narayanan and Lekven, 2012) and Bptf is necessary for Nodal/Smadmediated mesendoderm differentiation of mouse embryonic stem cells , we speculate that the expression of wnt8a at shield stage is regulated by Bptf and Nodal/Smad but not the TGF-␤/Smad pathway. The ventrolaterally expressed wnt8a functions in restricting the size of the dorsal organizer (Lekven et al., 2001; Ramel and Lekven, 2004) , but the decreased expression of wnt8a in bptf morphants at early stage did not result in visible dorsoventral patterning defects. We think that loss of bptf may inhibit the activity of Nodal/Smad signaling or the expression of some unknown bptf target genes, which is essential in dorsoventral axis determination to counteract the dorsalization effects induced by the decreased expression of wnt8a.
With luciferase reporter assays and ChIP-PCR experiments, we demonstrate that Bptf and Smad2 bind to their respective consensus binding motifs in the wnt8a promoter and elevate wnt8a transcription. Interestingly, the identified Bptf and Smad2 binding motifs lie in the margin-specific enhancer, which is essential for the Phase II expression of wnt8a (Narayanan and Lekven, 2012) . Unlike another bromodomain and plant homeodomain finger-containing protein TRIM33, which is essential for Smad2/3 binding to AREs in poised promoters during stem cell differentiation (Xi et al., 2011) , Bptf and Smad2 independently bind to the wnt8a promoter. The adjacent location of their binding motifs may provide an appropriate space for their interaction and cooperative function. In addition to interact with Bptf, Smad2 also physically associates with Smarca1/SNF2L as previously reported Xi et al., 2008) . Our coimmunoprecipitation results indicate that the interaction of Bptf with Smad2 could enhance the recruitment of Smarca1/ SNF2L to build up the functional NURF complex. Depletion of bptf expression or blocking TGF-␤ signal transduction causes an increase of the nucleosome density around Bptf and Smad2 binding motifs within the wnt8a promoter, suggesting a role in chromatin remodeling. Therefore, we propose that Bptf functions as a coactivator of Smad2 to recruit other components of chromatin remodeling complex NURF, resembling the histone acetyltransferase p300, which is required for Smad2-mediated transcription to acetylate nucleosomal histones on TGF-␤ responsive promoters (Ross et al., 2006) .
In conclusion, our study discovers that zebrafish bptf and TGF-␤/Smad2 signaling cooperatively promote neural posteriorization. TGF-␤-activated Smad2 binds to wnt8a promoter and facilitates the recruitment of Bptf-containing NURF complex to drive wnt8a expression and neural patterning. The model proposed here provides a mechanism whereby bptf and TGF-␤/ Smad2 coregulate neural patterning in zebrafish embryos. In the future, it will be interesting to investigate whether this model applies to the neuroectoderm patterning in other animals.
